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Abstract
Background: Smoking cessation has been reported to be associated with high total gestational weight gain (GWG),
which itself is a risk factor for adverse maternal-infant outcomes. Recent studies have criticized conventional single
measures of GWG, since they may lead to biased results. Therefore, we aimed to compare patterns of GWG based
on serial antenatal weight measurements between women who: never smoked, quit during pregnancy, continued
to smoke.
Methods: Participants (N = 509) of our longitudinal study were recruited from seven antenatal clinics in Southwestern
Ontario. Serial GWG measurements were abstracted from medical charts, while information on smoking status was
obtained from a self-administered questionnaire at a median gestational age of 32 (27–37) weeks. GWG patterns
were assessed by fitting piecewise mixed-effects models. First trimester weight gains and weekly rates for the last
two trimesters were compared by smoking status.
Results: During the first trimester, women who never smoked and those who quit during pregnancy gained on
average 1.7 kg (95 % CI: 1.4–2.1) and 1.2 kg (0.3–2.1), respectively, whereas women who continued smoking gained
more than twice as much (3.5 kg, 2.4–4.6). Weekly rate of gain in the second and third trimesters was highest in
women who quit smoking (0.60 kg/week, 0.54–0.65), approximately 20 and 50 % higher than in women who never
smoked and those who smoked during pregnancy, respectively.
Conclusions: In this longitudinal study to examine GWG by smoking status based on serial GWG measurements, we
found that women who quit smoking experienced a rapid rate of gain during the last two trimesters, suggesting that
this high-risk group may benefit from targeted interventions.
Keywords: Pregnancy, Smoking, Gestational weight gain, Piecewise mixed-effects model, Longitudinal analysis
Abbreviations: ANOVA, Analysis of variance; BMI, Body mass index; CI, Confidence interval; GWG, Gestational weight
gain; IOM, Institute of Medicine
Background
Smoking during pregnancy is a major risk factor for
adverse perinatal outcomes, including low birthweight,
preterm birth, and stillbirth [1]. Interventions promoting
smoking cessation have been successful in reducing the
proportion of pregnant women who smoke, resulting in
some improved pregnancy outcomes among women
who quit smoking compared to those who continue [2].
Despite this, in the general population, it is widely rec-
ognized that smoking cessation is associated with weight
gain, with most of the gain occurring during the first 3
months after cessation [3]. Women who quit smoking
before or during pregnancy may thus be at greater risk
of excessive gestational weight gain (GWG), but this
remains unknown.
High pregnancy weight gain is itself associated with
adverse maternal and infant outcomes. High gain dou-
bles women’s risk of becoming overweight after delivery,
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and becoming obese later in life [4, 5], and also increases
the risk of high birth weight, which further doubles the
infant’s risk of obesity in childhood and adulthood [6–8].
Recognizing the risks associated with excessive GWG,
the Institute of Medicine (IOM) published revised GWG
guidelines in 2009 [9]. Despite the existing guidelines,
the majority of pregnant women continue to gain above
recommendations [10]. Given that GWG is one of the
few potentially modifiable risk factors for adverse peri-
natal outcomes [11–13], examining its determinants is
an important step towards improving maternal and
neonatal outcomes.
Recently, it has been recognized that conventional
measures of GWG, such as total GWG, may introduce
substantial bias to studies of GWG, resulting in the stat-
ing of a significant association even if none exists [14],
since pregnancies of longer duration tend to have higher
weight gain. Other clinically relevant issues are that total
GWG is known only at the end of the pregnancy when
there are no more opportunities for interventions, and
that the timing of weight gain is not captured by total
GWG [15]. Alternative approaches using serial antenatal
GWG measures resolve this bias in conventional mea-
sures. Additionally, serial measurements give an under-
standing of weight gain patterns, which is necessary for
developing more effective interventions.
Therefore, the aim of this study was to describe and
compare GWG patterns by smoking status using a lon-
gitudinal approach based on serial antenatal GWG
measurements.
Methods
Study setting and population
We conducted a longitudinal study in which the out-
come (GWG) was extracted at the end of follow-up from
medical charts and the exposure (smoking status) was
assessed at a single time point during follow-up using a
self-administered survey. Participants were recruited
from five obstetric and two midwifery clinics in South-
western Ontario, Canada, between May and September
2013. Women with viable singleton gestations, without
severe morbidities that have an impact on weight gain
(e.g., bariatric surgery, bulimia and anorexia), and who
could read English sufficiently well to complete the sur-
vey were included in the study. The recruitment
process and the study protocol is described in full detail
elsewhere [16].
Ascertainment of smoking status and trimester-specific GWG
Our primary exposure of interest—smoking status—was
assessed with a self-administered survey during an ante-
natal visit. Women were asked a series of questions about
their smoking habits, which allowed us to categorize them
into one of three groups: 1) women who never smoked,
2) women who smoked previously but quit upon find-
ing out that they were pregnant, or 3) women who
smoked during pregnancy. Women who quit smoking
during pregnancy were those who answered “Yes” to
the survey question, “Prior to learning that you were
pregnant, did you smoke?”, and subsequently answered
“No” to the question, “Now that you’re pregnant, do
you smoke?”. Additional information on other maternal
pre-pregnancy characteristics, including age, education,
household income, marital status, ethnicity, and parity
was also obtained from the self-administered antenatal
questionnaire.
Women’s medical charts were used to extract informa-
tion on their pre-pregnancy weight and height, as well
as their serial GWG measurements throughout preg-
nancy. At the participating study clinics, women were
weighed by a doctor, nurse or midwife at each of their
antenatal visits. Pre-pregnancy weight was self-reported
by women and recorded in their medical charts, and if
unknown then the first available antenatal weight meas-
urement was used. Gestational age, as recorded in the
medical charts, was determined using the best available
estimate, which was either early pregnancy ultrasound,
or based on the last menstrual period, which was revised
by second trimester ultrasound if necessary. Data ex-
traction from medical charts occurred following each
woman’s expected date of delivery.
Statistical analyses
Maternal pre-pregnancy characteristics by smoking
status were compared with Fisher’s exact test for cat-
egorical variables and with one-way analysis of variance
(ANOVA) for continuous variables. GWG trajectories
were assessed by fitting mixed-effects models, the rec-
ommended method to deal with serial measurements. In
order to complement the recommendations in the IOM
GWG guidelines [9], we used a piecewise model specifi-
cation with two linear segments and a breakpoint at the
end of the first trimester (13 completed weeks of preg-
nancy) [17]. This was achieved by including the follow-
ing terms of time (gestational age) in the model: (1)
gestational age itself and (2) gestational age centered at
13 weeks (gestational age—13 weeks), but having zero
values until week 13. The second term represented the
slope difference between the first period (1st trimester)
and the second period (2nd and 3rd trimester). The
weekly rate in the 1st trimester was the estimated coeffi-
cient of (1), while it was the sum of the coefficients of
(1) and (2) for the 2nd and 3rd trimester. Confidence in-
tervals for the latter estimates were calculated using the
appropriate model contrasts with the gmodels R package.
Random effects were included for both (1) and (2). The
intercept was dropped from the model to assure that tra-
jectories start at 0 kg at the beginning of the pregnancy.
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Trajectory differences by smoking status were modeled by
including the interaction of smoking status with both
(1) and (2) in the model. The model was refitted with
two separate adjustments: adjusting only for pre-
pregnancy BMI class (underweight: <18.5 kg/m2, nor-
mal weight: 18.5–25 kg/m2, overweight: 25–30 kg/m2,
obese: ≥30 kg/m2), and adjusting for a wider range of
covariates, including age, education, household income,
marital status, ethnicity, parity and pre-pregnancy BMI
class. Piecewise mixed-effects models were fitted with
the nlme R package. Statistical analyses were performed
using R version 3.1.2.
Results
A total of 585 women were approached in the study
clinics, of whom 525 consented to participate in the
study. Women were further excluded if they had a fetal
demise (n = 2), were lost to follow-up (n = 8) or had
missing information on pre-pregnancy weight (n = 1),
gestational weight gain (n = 3) or smoking status (n = 2),
which resulted in a final sample of 509 participants, who
had complete information on all relevant variables.
Participants contributed one (3 %), two (21 %), three
(53 %) or four (23 %) serial GWG measurements during
pregnancy. Hence, the final sample included 1503 GWG
measurements from the 509 participants (Additional file 1:
Figure S1). The median (Q1-Q3) gestational age at the
time of survey completion, which was used to deter-
mine women’s smoking status, was 32 (27–37) weeks.
Medians did not differ significantly by smoking status
(P = 0.44). Neither the proportion of GWG measure-
ments from the 1st trimester (varied between 15 % and
18 %; P = 0.74), nor the total number of GWG measure-
ments (Fisher Exact Test: P = 0.55) differed significantly
by smoking status.
Pre-pregnancy characteristics by smoking status are
summarized in Table 1. The majority of women never
smoked (80 %), while 12 % quit upon finding out that
they were pregnant and 8 % continued to smoke during
pregnancy. The cohort was predominantly Caucasian
(80 %), which did not differ between the three groups.
Women who continued smoking during pregnancy
were younger, and a greater proportion of them was
less educated, had a lower income, lived alone (single,
widowed or divorced), and were obese, compared to
women who quit and especially compared to those who
never smoked.
GWG patterns characterized by the total 1st trimester
gain (at 13 completed weeks) and weekly rates during
the 2nd and 3rd trimester are summarized in Table 2.
Table 1 Pre-pregnancy characteristics of the study participants by smoking status










Age (years), mean (SD) 31.3 (5.0) 28.8 (6.3) 27.0 (4.5) < .001
Education (%) < .001
High school or less 8.4 27.9 48.8
Community college or some university 43.2 54.1 41.9
At least bachelor’s degree 48.4 18.0 9.3
Household income (%) < .001
Less than $20,000 5.9 16.4 25.6
$20,000–$80,000 33.9 49.2 34.9
Over $80,000 47.8 24.6 16.3
Preferred not to answer 12.4 9.8 23.3
Married, common-law or living with partner (%) 93.8 80.3 65.1 < .001
Caucasian (%) 78.2 88.5 85.7 .12
Nulliparous (%) 45.0 61.7 31.7 .01
BMI (kg/m2), mean (SD) 25.7 (5.5) 25.5 (6.6) 27.0 (7.2) .26
BMI class (%) .03
Underweight (<18.5 kg/m2) 3.0 1.6 7.0
Normal (18.5–24.9 kg/m2) 51.6 62.3 44.2
Overweight (25.0–29.9 kg/m2) 26.4 24.6 14.0
Obese (≥30.0 kg/m2) 19.0 11.5 34.9
Abbreviation(s): BMI body mass index
aP values were calculated with ANOVA for continuous variables and with Fisher’s exact test for categorical variables
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Women who never smoked and those who quit gained a
similar amount (P = 0.31) in the 1st trimester: 1.7 kg
(95 % CI: 1.4, 2.1) and 1.2 kg (95 % CI: 0.3, 2.1), respect-
ively, while those who smoked during pregnancy gained
twice as much (3.5 kg, 95 % CI: 2.4, 4.6).
Women who quit smoking gained weight the most
rapidly in the 2nd and 3rd trimesters, at a rate of
0.60 kg/week (95 % CI: 0.54, 0.65), which is 22 % (95 %
CI: 11, 34) and 53 % (95 % CI: 32, 75) faster than women
who never smoked and those who smoked during preg-
nancy, respectively.
Adjusting for age, education, household income, mari-
tal status, ethnicity, parity and pre-pregnancy BMI class
modestly increased the differences in 1st trimester total
GWG, and slightly decreased the differences in weekly
rates. Statistical significance and direction of differences
by smoking status did not change when taking these
factors into account.
Mean GWG trajectories with 95 % confidence inter-
vals are displayed in Fig. 1. The different rates of weight
gain in the 1st trimester versus the 2nd and 3rd trimes-
ters is clearly apparent among women who never
smoked and those who quit, however it is not as obvious
in women who continued to smoke during pregnancy,
despite a significant slope difference (P = .04) between
the two time periods. Despite these significantly different
patterns of GWG in women who never smoked and
those who smoked during pregnancy, both groups would
have gained on average approximately 14 kg (P-value for
difference = .46) by the end of the 39th week, the median
gestational age at birth in each group. In contrast,
women who quit would have gained on average 16.7 kg
(95 % CI: 15.1, 18.4) in the same period.
Weight gain characteristics from the BMI adjusted
model are summarized in Table 3. Women who smoked
during pregnancy gained more in the 1st trimester than
the IOM recommendation of 0.5–2.0 kg, regardless of
BMI class. With the exception of obese women who quit
smoking, who gained less than the recommended range,
all other subgroups gained according to the guidelines in
the 1st trimester. The majority of women gained above
GWG guidelines in the 2nd and 3rd trimesters. Under-
weight women who never smoked and underweight and
normal weight women who smoked during pregnancy
were the only groups to gain within the recommended
weekly ranges. Overweight women who quit smoking
gained on average more than twice as rapidly as their
recommended rate, which was the largest relative
difference.
Discussion
Using a longitudinal approach based on serial measure-
ments of GWG during pregnancy, we found a strong
effect of smoking cessation on GWG patterns: women
who quit smoking had a more rapid GWG in the 2nd
and 3rd trimester compared to women who never
smoked, and even more so compared to women who
smoked during pregnancy. Although women who never
smoked and those who smoked during pregnancy gained
a similar amount of weight by the end of the 39th week,
their pattern of gain was markedly different. Interest-
ingly, women who smoked gained double the amount of
Table 2 Gestational weight gain patterns by smoking status
Women who never smoked
(N = 405/ 1,205a)
Women who quit smoking
(N = 61/ 179a)
Women who continued to smoke
(N = 43/ 119a)
Unadjusted
1st trimester
Total trimester weight gain, kg, (95 % CI) 1.7 (1.4, 2.1) 1.2 (0.3, 2.1) 3.5 (2.4, 4.6)
Mean difference, kg (95 % CI) Reference −0.5 (−1.5, 0.5) 1.8 (0.6, 3.0)
2nd and 3rd trimester
Rates of weight gain, kg/week, (95 % CI) 0.49 (0.47, 0.51) 0.60 (0.54, 0.65) 0.40 (0.32, 0.45)
Mean difference, kg/week (95 % CI) Reference 0.11 (0.05, 0.17) −0.10 (−0.17,−0.03)
Adjustedb
1st trimester
Total trimester weight gain, kg, (95 % CI) 2.3 (1.5, 3.2) 1.7 (0.5, 2.8) 4.7 (3.2, 6.2)
Mean difference, kg (95 % CI) Reference −0.7 (−1.7, 0.4) 2.4 (1.1, 3.7)
2nd and 3rd trimester
Rates of weight gain, kg/week, (95 % CI) 0.51 (0.46, 0.55) 0.59 (0.53, 0.66) 0.42 (0.34, 0.50)
Mean difference, kg/week (95 % CI) Reference 0.09 (0.03, 0.15) −0.09 (−0.16,−0.01)
Abbreviation(s): CI confidence interval
aN represents the number of participants/measurements
bEstimates are for a 30-year old, Caucasian, nulliparous, married woman with some college or university education, a household income between $20,000 and
$80,000, and a normal BMI
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weight in the first trimester relative to the other two
groups, but were on a less steep trajectory during the
rest of the pregnancy. These results are relevant from
both a clinical and a public health perspective in light
of previous findings on how timing of weight gain
can influence pregnancy outcomes [15].
Beyond total GWG recommendations by pre-
pregnancy BMI class, the 2009 IOM guidelines for
GWG include optimal weekly rates for the 2nd and
3rd trimesters [9], which avoid bias because they are
not dependent on the length of gestational. However,
these calculations were simply extrapolations and not
based on longitudinal studies [15]. We found that
obese women generally gained less rapidly than the
other three BMI classes, who gained at similar rates.
These results were in line with data from large cohorts
summarized in the 2009 guidelines [9]. Despite this,
overweight and obese women gained above the rec-
ommended weekly rate in the 2nd and 3rd trimesters
regardless of smoking status, as did all women who
quit, regardless of BMI class.
The majority of previous studies have investigated the
effect of smoking habits either on total GWG [18–20]
or on proportions of GWG categories (inadequate, ad-
equate, excessive) as defined by the IOM guidelines
from 1990 [21–24] or 2009 [25–27]. In contrast to our
analyses, most of these studies were based on a single
measure of total GWG. In line with our results, previ-
ous studies have consistently shown that the mean total
GWG is similar among women who never smoked and
Table 3 Total weight gain (kg) in the 1st trimester and weekly rate (kg/week) in the 2nd and 3rd trimesters by smoking status and




Women who never smoked Women who quit smoking Women who continued to smoke
1st trimester (kg)
Underweight 0.5–2.0 1.7 (−0.2, 3.5) 1.0 (−1.0, 3.1) 3.7 (1.6, 5.7)
Normal 2.0 (1.5, 2.4) 1.4 (0.4, 2.3) 4.0 (2.8, 5.2)
Overweight 2.0 (1.3, 2.6) 1.3 (0.2, 2.4) 4.0 (2.7, 5.2)
Obese 0.7 (−0.1, 1.5) 0.1 (−1.1, 1.3) 2.7 (1.5, 3.9)
2nd and 3rd trimester (kg/week)
Underweight 0.44–0.58 0.52 (0.42, 0.62) 0.62 (0.50, 0.73) 0.44 (0.33, 0.56)
Normal 0.35–0.50 0.51 (0.49, 0.54) 0.61 (0.56, 0.67) 0.44 (0.37, 0.50)
Overweight 0.23–0.33 0.52 (0.48, 0.55) 0.62 (0.56, 0.68) 0.44 (0.37, 0.51)
Obese 0.17–0.27 0.38 (0.33, 0.42) 0.48 (0.41, 0.54) 0.30 (0.23, 0.37)
Bold values are above the recommended IOM range














































Fig. 1 Mean gestational weight gain trajectories assessed with piecewise–linear mixed-effects models in a women who never smoked, b women
who quit smoking, and c women who smoked during pregnancy
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those who smoked during pregnancy and that women
who quit gained 1.2–3.5 kg more than women who
never smoked and even slightly more than women who
smoked during pregnancy [18, 19, 25].
Previous work using weekly rates of weight gain in
the 2nd and 3rd trimesters [27], but lacking informa-
tion on pre-pregnancy weight, assumed a 1.25 kg gain
in the first trimester, which may have led to errone-
ous estimates of pre-pregnancy BMI class, due to the
larger GWG in this period, especially among women
who continued smoking (e.g., 3.5 kg in our study).
Most other studies that have investigated trimester-
specific GWG have been inconclusive in determining
the association between total 1st trimester GWG
and smoking status [18, 19, 28], although a study by
Karachaliou et al. supports our findings of signifi-
cantly greater GWG in the 1st trimester among
smokers [29].
Analyses based on total GWG measures are prone to
bias because of their correlation with gestational age
[14]. This could pose a problem when investigating the
effect of smoking, because smoking is associated with
preterm birth and gestational age. Although new
methods using serial measurements have been suggested
to overcome this problem, only a few studies to date
have investigated the effect of smoking cessation on
GWG based on serial measurements during pregnancy
[18, 19, 28, 30]. Weight changes based on serial mea-
surements using a mixed-effects model approach has
been tried [24], but assumed only a linear change in
weight throughout pregnancy, which is likely to under-
estimate the rate of weight gain in the 2nd and 3rd tri-
mester [14]. Another approach is to study the
association between smoking status and GWG at
discrete time points during pregnancy [18, 19, 28].
Using this approach, however, women who give birth
preterm may not contribute to the comparison at the
end of the 3rd trimester, despite representing an im-
portant subgroup.
The key strength of our study is the longitudinal
assessment of GWG, combined with a methodology
that is not prone to the bias associated with conven-
tional GWG measures. Our approach facilitates group
comparisons at any time point during pregnancy. This
feature may contribute to a better understanding of
the relative importance of different periods during
pregnancy by smoking status. The method allows for
variation in the number and timing of measurements
between participants, which is favorable in large epi-
demiological studies.
Limitations of our study include that to in order to ex-
plore more complex patterns of GWG beyond a pattern
that assumes two distinct rates of gain (i.e., 1st trimester
rate of gain and 2nd-3rd trimesters rate of gain), more
weight measurements would be necessary for each indi-
vidual. The effect of smoking cessation on GWG might
vary depending on when it occurs (i.e., quitting before
or during pregnancy), but we did not have information
on exact timing to examine this aspect. Our sample size
did not allow us to examine whether pre-pregnancy BMI
modifies the effect of smoking on GWG patterns. Future
work is warranted on the comparison of GWG patterns
by perinatal outcomes.
We identified two distinct high risk groups: women
who smoke during pregnancy and gain excessively in the
first trimester, and women who quit smoking during
pregnancy and have a high rate of weight gain during
the 2nd and 3rd trimester. These are well-defined and
easily identifiable groups of women who could benefit
from targeted prevention strategies to ensure that they
gain according to the IOM recommendations. Such
interventions are critical given that excessive GWG
potentially puts two individuals—the mother and the
infant—at risk of overweight, obesity and the associated
sequelae later in life [4, 5, 8]. While smoking cessation
interventions during pregnancy should continue to be
promoted, women who are successful in quitting smoking
during this period should be provided with additional sup-
port as well as dietary and lifestyle interventions to facili-
tate appropriate GWG.
Conclusions
We analyzed GWG patterns based on serial antenatal
measurements with an approach (i.e. piecewise mixed-
effects models) that is novel in perinatal epidemiology
and is not prone to some of the biases associated with
conventional GWG measures. We showed that a rapid
GWG in the 2nd and 3rd trimester is mostly responsible
for the excess total GWG among women who quit
smoking, and this new knowledge could allow clinicians
to suggest dietary and lifestyle modifications to enable
healthy GWG. We uncovered markedly different patterns
of GWG among women who never smoked and those who
continued smoking during pregnancy that could not have
been captured by examining total GWG. These unique
trends highlight important time points during pregnancy
when specific groups of women could benefit from in-
creased antenatal surveillance and care. Future work in-
volving large epidemiological studies with serial antenatal
GWG measurements and analyses that are free of some
established biases is needed for a better understanding of
factors driving GWG and related perinatal outcomes.
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Additional file 1: Figure S1. Histogram of gestational ages in weeks
to depict the timing of weight measurements throughout pregnancy.
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